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Multi-objective hierarchical optimization design of YASA AFPM
motor based on surrogate models

LIU Huijuan, LIU Guangdong, YI Yuanyuan
(School of Electrical Engineering, Beijing Jiaotong University, Beijing 100044, China)

Abstract; In order to improve efficiency of multi-objective electromagnetic optimization of YASA AFPM
motor, reduce the complexity of optimization algorithm and the cost of three-dimensional finite element
simulation ,a multi-objective hierarchical optimization strategy based on surrogate model was proposed.
First, according to the sensitivity analysis, combined with the target preference, the optimization objec-
tives and optimization variables were divided into two layers. Then, for the first layer of 5-dimensional
variable optimization problem, a Kriging model was established, accuracy of the model was tested, and
the comparison with artificial neural network and support vector machine surrogate models was analyzed.
A polynomial response surface surrogate model was established for the second layer optimization problem
with 3-dimensional variable, and the interaction between the optimized variables was studied. Finally,
the optimal Pareto solution set was obtained by combining non-dominated sorting genetic algorithm II( NS-
GAII) , and the scheme with the smallest torque ripple was selected as the optimization result among the

feasible solutions. The torque ripple was reduced by 68.9% , the efficiency was improved by 0. 624% |,
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and the cost was decreased by 2.2% , satisfying the output power requirements. Effectiveness of the opti-

mization strategy was validated.

Keywords : axial-flux permanent magnet motor with yokeless and segmented armature ; multi-objective hi-

erarchical optimization design; segmented and offset permanent magnet; Kriging surrogate model ; polyno-

mial response surface model; non-dominated sorting genetic algorithm II
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Fig.1 Topology of YASA AFPM motor
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Table 1 Performance requirements for YASA AFPM

motor
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Table 2 Main design parameters of YASA AFPM motor
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Fig.2 Two-dimensional plan view of YASA AFPM

motor
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Fig.3 Schematic diagram illustrating segmented

offset of permanent magnets
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Table 3 Range of values for optimization variables

24 U Y
SEFHME D,/mm 185<D, <195
ETHNIMELLAE ky 0.5<k,;<0.7
B g/mm 1.2<g<1.8
BINREL o, 0.6<a,<0.9
AKBEARIREE b, /mm 4<h,, <7
EF W EKEE A /mm 30<h, <45
I HYERE w, ./ mm 3w, <9
P BRIREE b /mm 7<h,<13
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Table 4 Optimization objectives and design variables
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x = [ky,g by w b5 (8)
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U ey MO, UEBHIR 24 0,
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53 A 1 S 2 5 M) R R AN ] 7 580 4 3
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5% 2 A8 UAIE B 100 MREAR S48 5 4,
YIS Al A (%) LU ) 18 R 40 1, BRI E
MR

3R 5 ATLUE ), A2 B ol 1| R A< B o
2 QBTN f TS B R R, I R AR ) T d A,
HeE T RIEORS BE S 2R AR AT AR i Lu Bk 42 6
W, 7, BB RCR fcdf . 3R 6 B9 S LIRSS R R
W, SN LA 80 I R*FAELE 0.7 ~0. 8 Y
X a3 BBl Y, D T, # Kriging A BRAR R 77 78 1

BLA IV, ELEAT B s R e, T T, R
ISR S D TR B B8 5 2 R R 2 B A
FBZ LA, Kriging (CHBURARAS T, 0BT
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Table 5 T, prediction effectiveness using Scheme 1

Il %k M R? eNSE CEVS exwe/ %
30 70 0.68585 0.03398 0.68630 9.625
40 60 0.69520 0.03183 0.69535 9.528
50 50 0.68164 0.03594 0.68553  9.986
60 40 0.66998 0.03961 0.67469 10.351
70 30 0.63147 0.03703 0.63315 10.414
80 20 0.56597 0.04937 0.573 81 12.336
90 10 0.55964 0.046 62 0.561 56 11.905

F6 XAAR2H T, FTNHR

Table 6 T, prediction effectiveness using Scheme 2

VIS plIlE R? eysk €Evs exre/ %
80 20 0.56597 0.049 37  0.573 81 12.336
80 20 0.707 57 0.03250 0.764 18 10.927
80 20 0.77748 0.02096  0.836 34 8.281
80 20 0.710 53 0.021 20  0.735 03 7.952
80 20 0.733 08 0.033 67 0.766 86 9.224

FRIEFE 7 A 8 A UEZE S nl %1, JCie R FH WP
Pt 2 400 o Sk ms, T AR ERBE ALY RPN ey FRTE
0.99U4 b, T3 T 1, 91 H ey T 1% LIF,
B Kk F] 0.455% , il Kriging 1CHAEAIE T f4 F
T ELAT 0 3 R

®7 RAFE1HTRANKE

Table 7 T, prediction effectiveness using Scheme 1

UllES M R? eNSE eEvs exge/ %
30 70 0.98701 0.57215 0.98715 1.293
40 60 0.99460 0.22185 0.99460 0.767
50 50 0.99754 0.10398 0.99759  0.551
60 40 0.99704 0.12303 0.997 11 0.590
70 30 0.99580 0.14706 0.99670  0.642
80 20 0.99710  0.11159 0.99719  0.531
90 10 0.99777 0.09691 0.997 77  0.519

R8 FAFR2H T.FHNHRE

Table 8 T, prediction effectiveness using Scheme 2

HIEA M R? eNSE CEVS evri/ %
80 20 0.997 10 0.11159 0.997 19  0.531
80 20 0.99759 0.16562 0.997 65  0.737
80 20 0.99740 0.14437 0.997 61  0.695
80 20 0.99571 0.17305 0.99583  0.579
80 20 0.99831 0.07390 0.998 31  0.455
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BT Kriging BRI ANN 1 SVM g 24/ BR
BB, T RALA AL BT T R Kriging
RIEBIAILE YASA AFPM HLAILHR AR AL 151 Hh A 2l
R, 9NN T ANN FI SVM P Rl Q BEASE AL
3 MRS T A T, BT RESEST T XS L, X
L& SN2 9 Fsk 10 i,

&9 ANN I SVM 3¢ T, BT R
Table 9 Prediction effect of ANN and SVM on T,

FEA K ANN SVM
Il HUREY R? ep/ % R? eype/ %
30 70 0.666 62  10.049  0.121 14  14.306
40 60 0.55025  11.698  0.291 13  13.500
50 50 0.656 86  10.228  0.33587 13.534
60 40 0.55148  11.780  0.378 95 13.347
70 30 0.63548  10.087  0.43800 12.952
80 20 0.58183  11.052  0.44024 13.478
90 10 0.47557  12.967  0.58037 10.959

%10 ANN F1 SVM i T, BT R
Table 10 Prediction effect of ANN and SVM on T,

AR ANN SVM

VIS pilR= R? eyire/ % R eyri/ %
30 70 0.642 05 7.287 0.326 89 9.524
40 60 0.859 22 4.421 0.396 46 8.922
50 50 0.384 04 9.353 0.423 53 8.911
60 40 0.504 34 8.326 0.478 17 8. 156
70 30 0.348 31 8.993 0.565 74  6.961
80 20 0.731 70 5.774 0.651 76 6.154
90 10 0.733 01 6.471 0.626 49 6.702

9 FIFE 10 MR RURS BEAG 50 45 5 vh ol LR
X T SVM ALY Bt I ZRAE A A 30 ] 90,
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(R B G P TN 235 2R, RV e, #E /INEEARTR, HORG
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S L IR p AR AR AL A ST R 1 RO R, H
Tk AT RN
BEE AR ERFHRE RN 200, Fe KACECH 500, Pa-
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IR IEFE T, S/ NIRAE R o — SR Y B L | B
HRAFEEY Pareto 45 oA 29, Xt R 1 5 NS B0 H
(B Ry e AR LA
x, = [0.5722,1.725,5.397,5.439,10.16 ] ,
(22)
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3D FEA Z532Z a1 A1 2288/, UEBH Kriging fCFEAR
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Table 11 Feasible solutions of the first-layer optimization

BfL.N - m
e PiEfE
Pareto 45
T, T T, T
41 50.344 1.451 49.973 1.759
7 50.333 1.391 50.050 1.327
4 50.189 1.371 49.785 1.317
43 50. 149 1.338 49.919 1.247
54 50.020 1.319 49.892 1.502
37 49.944 1.289 49.775 1.363
42 49.784 1.268 49.557 1.219
29 49.635 1.244 49.547 1.175

T/(N * m)
| |
3 &

o

06 08 1.0 12 14 1.6 1.8 2.0 22
T, J(N * m)

B8 FE—EREMUNER
Fig.8 Optimization results of the first layer
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LA A AN L 3 AN, PRS 7 2 05T B AR y
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y =Byt LB+ DB+ DB + 8
(23)
Aoy gm i As s, B EAL B AR T, .C 0 m, 58,4
—IRIAF KL B, i IR I F B B 1y 28 e BRI 7%
B e WIRZEI FRARBBITC R BENLIR 22, A
F T E A LA
4.2 KIS SOPRS EEH 47

PRS AR SE R BT 7 2, F B GO E S
1T (central composite design, CCD) F1 Box-Behnken
it (BBD) . BBD fridi & (972 1 BUfE X 3 Bk P
B, AN SE 7 AR, BT L, AR S Bl o = 1
iy CCD Jrik, et fr oy i 2 & R I (cen-
tral composite face-centered design, CCFD) , S258 & HX
TE D, o, Jh, BB BT 4R <7 5 1A ) T A, T
s s LSRG AL I BAR G SN EUBOR 3,
IR L 17 R 3D FEA 255,

BB AL LI O = AR R KO
TR, - 1.1.0 7350 F s e A 722 i HUE TS [ Y
H/ME ERRAE R OE, x, BUE— 204015 3
AL A
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Table 12 Values and corresponding levels of the three op-

timization variables

Ar -1 0 1 a
D,/mm 185 190 195 1
@, 0.6 0.75 0.9 1
h,/mm 30 37.5 45 1

SRV IT UL 3D FEA Z5 R 013 13
PR R AR HERE (sid) #6571 i T pL S 62
TETESCY , AR BT A F P AR R4 R —E /Y,
HOFF X LEA TR A RACABE R | 2238 1 PRS QB
UG, W 15 2 17 B9 SE80 R AR R A9 A B
JLIRE 3 T7 2 A B A 25 I SRR

#® 13 CCFD £WigitF
Table 13 CCFD experimental design table

std  D,/mm a, hy/mm T./(N-+-m) C,/JG n,/ %

1 185 0.6 30 41.305 580.795 97.029
2 195 0.6 30 47.662  639.336 97.177
3 185 0.9 30 48.619  719.064 97.312
4 195 0.9 30 56.351  794.954 97.440
5 185 0.6 45 39.624  706.933  97.390
6 195 0.6 45 46.100  773.620 97.520
7 185 0.9 45 46.666  845.202 97.606
8 195 0.9 45 54.295  929.238 97.701
9 185 0.75 37.5 44.924  712.366 97.453
10 195 0.75 37.5 52.539 783.655 97.585
11 190 0.6 37.5 43.584 674.207 97.335
12 190 0.9 37.5 51.327  821.024 97.562
13 190 0.75 30 49.816  683.145 97.335
14 190 0.75 45 48.001  813.344 97.631
15 190 0.75 37.5 48.928 747.614 97.532
16 190 0.75 37.5 48.860  747.252 97.528
17 190 0.75 37.5 49.069 747.985 97.540

FRBEBLR (1 S PR B0 45 SR 3R 14 PR, T, |
C, o BRI F ST ART 1, B P EB/NT
0.05,BE8 D, ., B XF T, C A m A 2500, AR
FRRUEAT R0 . B A5 55 R U (coefficient of vari-
ation , CV) BI3 /N T 10% , 156 WA 504 4 85 B J AR
AN RS, T E MR IR T 4, B AR
TR A SR A, O 5 T, C, o AR BB R A 2K 01

TiE P AE 4> % 4 0. 247 8.0.9.0.456 6, % KT
0. 05, 33 4 5 13, B A HEASE 7Y 5L A 458 i () K B mf
(-
% 14 SOPRS #EEI K B Z T8
Table 14 Significance test of the SOPRS model

A ¥ F {8 PH 5L CV/%
T, 32.95 1100.48 <0.0001 8.3792 0.359 8
C, 12137.81 3.09x10° <0.0001 6.7914 0.0265

7, 0.053 1 1074.8 <0.0001 422.9036 0.0072

D, o, h Z I8 1Y 32 BAEFIXE T, 5% i i o 1oz ity
T EIA T A5 e e P &l 9 s & b, (38
T, iR, BERA R 5T A SO OO R 5 R T YA
FABOYRW] T HE D, o BYBG R, T, 1 0
TE D, o, BYPUE_F 31 FARHCE]

T/(N * m)

T/(N -+ m)

(b) h =45 mm

9 =AEHRZEMZEERIT T, 0 a0 E
Fig.9 Response surface of interaction between

three factors on the impact of T,
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Fig.12 Optimization results of the second layer
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DL ARAL HFRBUE N 15 FiiR, Al 47§ 3D FEA
RAEZS R AN 16 Pion , RIP RS H T 7, A m, 1Y
{E, T..C, m, MfCHBRI TN E AN 3D FEA 255822 [H]
(e N 2243 1) A 0. 022% 0. 002% 0. 000 36% |
B RAXHRZE 5354 0. 49% 0.017% 0. 003 2% ,
FW] SOPRS IR AYA AR = A B

®15 FEMUBIRTITHE

Table 15 Feasible solution obtained from the second-
level optimization
45 D,/mm a, hy/mm T/(N-m) C/76C n0./%

49 194.56  0.735 30.59  52.557 711.61 97.396
37 192.85 0.770 34.19  51.834 749.21 97.508
38 193.07 0.756 42.13 50.663  813.60 97.651
56 190.25 0.773 31.66 50.403  710.46 97.409
23 190. 59 0.763 32.42  50.270  713.97 97.428
62 189.61 0.808 38.22  49.775 779.09 97.578
73 190.97 0.743 35.93 49.552  737.32 97.508
74 192.96  0.706 38.51 49.536  755.60 97.550

F16 TFITHHMARITHEERIE
Table 16 Finite element simulation verification of the feasi-

ble solution

= T/(N-m) C,/JG /% T;/(N-m) m/kg

WAV 49.722  772.61  96.914 3.608 11.94
49 52.545  711.62 97.384 1.225 10. 67
37 51.655  749.20 97.495 1.330 11.15
38 50.779  813.62 97.641 1.373 12.55
56 50.299  710.48 97.394 1.297 10.43
23 50.024  713.96 97.411 1.432 10.58
62 49.721  779.06 97.564 1.467 11.51
73 49.523  737.30 97.506 1.306 11.20
74 49.467  755.60 97.538 1.122 11.84

FEXIATRI BT oK, T DL B nl A7 i iR
FH T RAE NIR49S AT F7f BA Feo ki
i tH D3 DA R AR R AR (B R AR R A5 56 5 7]
T B BRI A, L C Wi i i 7 R B AR
8.04% ;62 5 AT AT fift ELAT foe o W 400 0%, (H G S
PRSI K, A LG A T Reda bR, 10 74 5]
11 R o7 )2 2 BEARIRAL SR AR A, 3L T AR IR/,
RATESR G JE TR, Rl A /MY T, S0t
Wit EAM L, C BEAK 2. 2% ,m, #2755 0. 624% , T,

FEAIC 68.90% , X R 2 — 2 AL 3 ikt 5
HEHUE A
x, = [192.96,0.706,38.51], (24)
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Table 17 Comprehensive performance comparison

izt Mgt kit

BUEFEH T/ (N - m) 49.722 49.467
RS T,/ (N - m) 3.608 1.122
W%,/ % 96.914 97.538
AR EA €,/ 00 772.61 755.60
HLPLEY A R i m, kg 11.94 11.84
FRAERK B KL o/ P 7.26 2.27

25 U HL AR AE 2 THD/ % 4.604 1.396
TR AR T,/ (N - m) 3.195 0.496 5

6 % it

ARSCEFXT YASA AFPM 3K 8 FEHLAY £ H br LG
PAL B Im) A, 75 2% i s e Ak bR RN 28 Y
LN AT S A 4t —Fh oy 2 S AR
BEAY 254 NSGALL BvE AT LAk i SR . I 4%
/R 3D FEA B, 1558 TEAE M BT R, A
BELTC 05 ELIIE T T B2 1 Ak 5 W 1 A 80 vE AT A7 1
BHEBIT .

1) Kriging f{FRAS Y 7 £ 10 A% Ht 1) 4 2 55 55 (5
HE) I AT 30 2H 3D FEA 048 5 A 52 30 kS 1 79
W, T ACHERL ALY RP A% 0. 987, T, fRELEERLY R
IKF) 0.686, 38 EGIEAYZE SR FE W | Kriging A& %I 7E
A 3D FEA BEAKUE ife i s, A
FEIH A AR AH%E T ANN REELFT SVM BRI BAy
B AR ANN BELZEAS ) (R I ZRE AR T, F30
WERPE D Sh W] 1, N FSE 5 SVM A B 3 34K A8t T3l

GRREA B, TS B B A E a5 I AS 2B $2 7
FEAKGA S 80 B, A 5 w B TURG BE

2) el A 4 B AR (3 4k ) ), SOPRS AR Hii A%
AR CCFD SE98 3 J7 v, AU#S 17 R 3D FEA &l
TS B sR UeAe B bRy X0 8 JF 45 i 4%
RZ WA HAE

3) £ F Kriging F11 SOPRS 10 A& AU i) NSGAII
AR, AT LA A5 2 7 22 R AY Pareto S AL,
P TARARRCE . 522 B & A55) 8 4v]
Fifit , DB SR K Shise /N AV R B 2 A 45 51 7
i 2y R R 1R TR Y [ B e Bk B R B
68.9% , 25 L HLH THD FR#3.208% , B 5 %4k
1 0.624% | JAFEAR 2. 2% , H BA EH 2111
I3

& % X k.

(1] B4, Feibk, whifid, 55 Rl pziExn; i pLR g M oCHt

BORTW R IELRR [T]. b E AL LR 25 4, 2022, 42
(7):2744.
ZHAO Jilong, LU Zhuolin, HAN Qingfeng, et al. An overview on
development of axial flux permanent magnet motor system and the
key Technology [ J]. Proceedings of the CSEE, 2022, 42
(7):2744.

[2] GENG Weiwei, WANG Yu, WANG Jing, et al. Comparative
study of yokeless stator axial-flux PM machines having fractional
slot concentrated and integral slot distributed windings for electric
vehicle traction applications[ J]. TEEE Transactions on Industrial
Electronics, 2023, 70(1) ; 155.

[3] &, XK, K. ARBER BRI L RER[T]. B
THAR2M, 2024, 39(2) ; 378.

GUAN Tao, LIU Dameng, HE Yongyong. Review on development
of permanent magnet in-wheel motors[ J]. Transactions of China
Electrotechnical Society, 2024, 39(2) . 378.

[4] ARKADAN A A, HIJAZI T M, MASRI B. Design evaluation of
conventional and toothless stator wind power axial-flux PM genera-
tor[ J]. IEEE Transactions on Magnetics, 2017, 53(6) : 1.

[5] KUMARS, LIPOT A, KWON B. A 32000 /min axial flux per-
manent magnet machine for energy storage with mechanical stress
analysis[ J]. IEEE Transactions on Magnetics, 2016, 52(7) : 1.

(6] 2=, KWIE, REF, F. FFICREYIRY bR n 028 7R
HIBLAT 78 o R £ ik [ ], b [ de AL 72 2 4, 2021, 41
(1) : 340.

LI Tao, ZHANG Youtong, LIANG Yuxiu, et al. An overview on

research progress of yokeless and segmented armature axial flux



72

Bl 5o

il

S

55029 4

(11]

[12]

[13]

[14]

[15]

permanent magnet machine[ J]. Proceedings of the CSEE, 2021,
41(1) . 340.
EBDEG, FHE, A b m REOE TR O K R AL R Y
i 2R GE 2 s U R R AT TS AR A (1], B TR AR,
2023, 38(12) . 3130.
WANG Xiaoguang, YIN Hao, YU Renwei. Analytical calculation
and parameter optimization of eddy current loss for coreless axial
flux permanent magnet synchronous machine with multilayer flat
wire winding[ J]. Transactions of China Electrotechnical Society,
2023, 38(12): 3130.
ARAND S J, ARDEBILI M. Multi-objective design and prototy-
ping of a low cogging torque axial-flux PM generator with segmen-
ted stator for small-scale direct-drive wind turbines[ J]. IET Elec-
tric Power Applications, 2016, 10(9) ; 889.
MAHMOUDI A, KAHOURZADE S, RAHIM N A, et al. Design,
analysis, and prototyping of an axial-flux permanent magnet motor
based on genetic algorithm and finite-element analysis[ J]. IEEE
Transactions on Magnetics, 2013, 49(4) ; 1479.
ROSTAMI N, FEYZI M R, PYRHONEN J, et al. Genetic algo-
rithm approach for improved design of a variable speed axial-flux
permanent-magnet synchronous generator[ J]. TEEE Transactions
on Magnetics, 2012, 48(12) . 4860.
SO Eh I, A T RE S A BT A R gt A ik
0yl i T K RE HPL 2 H AR EALBEIT [T ], LS Pl 2
%, 2022, 26(1) : 39.
TONG Wenming, MA Xuejian, WEI Haiyang, et al. Multi ob-
jective optimization design of axial flux permanent magnet motor
based on magnetic field analytical model and genetic algorithm
[J]. Electric Machines and Control, 2022, 26(1) : 39.
AL, SR, T RO A e KRG ALRER A A 3
1] BTTHEAREH, 2015, 30(2) : 73.
HUANG Yunkai, ZHOU Tao. Efficiency optimization design of
axial flux permanent magnet machines using magnetic equivalent
circuit [ J ].
2015, 30(2) : 73.
KN SR TR IR, 45, 2 TAUBAL AL A i ML 2 2 B
KEHARZHRL )] T H AR ,2022,37(20) : 5117.
XIE Bingchuan, ZHANG Yue, XU Zhenyao, et al. Review on

Transactions of China Electrotechnical Society,

multidisciplinary optimization key technology of electrical machine
based on surrogate models [ J]. Transactions of China Electro-
technical Society, 2022, 37(20) . 5117.

TARAN N, IONEL D M, DORRELL D G. Two-level surrogate-
assisted differential evolution multi-objective optimization of elec-
tric machines using 3-D FEA[ J]. IEEE Transactions on Magnet-
ics, 2018, 54(11): 1.

TARAN N, KLINK D, HEINS G, et al. A comparative study of

yokeless and segmented armature versus single sided axial flux

[16]

[17]

[18]

[20]

[21]

[22]

[24]

PM machine topologies for electric traction[ J]. IEEE Transac-
tions on Industry Applications, 2022, 58(1) : 325.

HOKAE, B0, aess, S5, JomGHeh m phm X K L2
FIAR i 3 08 Ak B it [T]. WBL 55 ) & 4, 2023, 27
(9): 148.

CAO Yongjuan, GU Di, FENG Liangliang, et al. Multi-objective
preference optimization of yokeless axial-flux wind generator[ J].
Electric Machines and Control, 2023, 27(9) : 148.
ABD-RABOU A S, MAREI M I, EL-SATTAR A A, et al. Mul-
tiobjective design optimization of axial flux permanent magnet
brushless DC micromotor using response surface methodology and
multi-verse optimization algorithm[ C]//2019 IEEE Jordan Inter-
national Joint Conference on Electrical Engineering and Informa-
tion Technology (JEEIT) , April 9 —=11, 2019, Amman, Jordan.
2019 13 -18.

LIMD K, CHOY S, RO JS, et al. Optimal design of an axial
flux permanent magnet synchronous motor for the electric bicycle
[J]. IEEE Transactions on Magnetics, 2016, 52(3) . 1.

GU Aiyu, RUAN Bo, CAO Wenyao, et al. A general SVM-
based multi-objective optimization methodology for axial flux mo-
tor design: YASA motor of an electric vehicle as a case study
[J]. TEEE Access, 2019, 7. 180251.

ZHU Xiaoyong, YAN Bing, CHEN Long, et al. Multi-objective
optimization design of a magnetic planetary geared permanent
magnet brushless machine by combined design of experiments and
response surface methods[ J]. TEEE Transactions on Magnetics,
2014, 50(11): 1.

ZAVOIANU A C, BRAMERDORFER G, LUGHOFER E, et al.
Hybridization of multi-objective evolutionary algorithms and artifi-
cial neural networks for optimizing the performance of electrical
drives[ J]. Engineering Applications of Artificial Intelligence,
2013, 26(8) : 1781.

X, RS, MR, % Rk Rl 5 2 H
ALt )], mPLS R, 2023, 27(9): 1.

LIU Yang, SONG Bao, ZHOU Xiangdong, et al. Analysis and
multi-objective optimization of spoke type vernier permanent-mag-
net machine [ J ]. Electric Machines and Control, 2023, 27
(9): 1.

FATEMI A, LONEL D M, DEMERDASH N A O, et al. RSM-
DE-ANN method for sensitivity analysis of active material cost in
PM motors [ C]//2016 IEEE Energy Conversion Congress and
Exposition ( ECCE ), September 18 - 22, 2016, Milwaukee,
WI, USA. 2016: 1 -7.

B, E M INEE R T OO K U Y KR (R AP e AL
SREMABAT[ )], LSS, 2024, 28(4) « 131
XIA Bin, WANG Chao, SUN Xin, et al. Multi-modal optimal

design of permanent magnet synchronous motor based on improved



5

3 1

X4 TR IALAEIY) YASA AFPM HHLZ Br4r 2 00ki% 1t 73

[25]

[26]

[27]

firefly algorithm[ J]. Electric Machines and Control, 2024, 28
(4) . 131.

BAO Jianwen, XING Jian, LUO Yangjun, et al. Multi-objective
shape optimization of permanent magnet synchronous motor based
on Kriging surrogate model and design domain reduction[ C]//
2019 22nd International Conference on Electrical Machines and
Systems ( ICEMS ), August 11 - 14, 2019, Harbin, China.
2019: 1 -4.

VUN S T, MCCULLOCH M D. Optimal design method for large-
scale YASA machines[ J]. TEEE Transactions on Energy Conver-
sion, 2015, 30(3) : 901.

HUANG Surong, LUO Jian, LEONARDI F. A general approach
to sizing and power density equations for comparison of electrical
machines [ J ].

1998, 34(1) . 93.

IEEE Transactions on Industry Applications,

[28]

[29]

[30]

XUEIR, X774, Hotot. JorEYe P m AR 4 Ui L A A
FEROLACBETT( )], feradL, 2024, 52(4) : 1.

LIU Huijuan, LIU Guangdong, YI Yuanyuan. Optimization de-
sign of cogging torque in axial-flux permanent magnet machine
with yokeless and segmented armature[ J]. Small & Special Elec-
trical Machines, 2024, 52(4) . 1.

TR, FET Kriging BRI 05 BOUAL DL [ M] . OB
BHE R AR, 2019,

HhE e, Kriging B AR SE DR R SR (1], Mias 2
%, 2016, 37(11) : 3199.

HAN Zhonghua. Kriging surrogate model and its application to
design optimization; A review of recent progress[ J]. Acta Aero-

nautica et Astronautica Sinica, 2016, 37(11) : 3199.

(¥t 2 FH)

(L#ZEFE S8 ™)

[11]

[12]

[13]

LI Xueping, ZHANG Shuo, CUI Xing, et al. Novel deadbeat
predictive current control for PMSM with parameter updating
scheme[ J]. TEEE Journal of Emerging and Selected Topics in
Power Electronics, 2022, 10(2) : 2065.

MA Chenwei, LI Huayu, YAO Xuliang, et al. An improved
model-free predictive current control with advanced current gradi-
ent updating mechanism[ J]. IEEE Transactions on Industrial E-
lectronics, 2021, 68(12) : 11968.

YANG Zebin, MIAO Chenghang, SUN Xiaodong, et al. Model

predictive current control for IPMSM drives with extended-state-

[14]

[15]

observer-based sliding mode speed controller[ J]. ITEEE Transac-
tions on Energy Conversion, 2023, 38(2) . 1471.

XU Yanping, YAN Zhongqiao, ZHANG Yanping, et al. Model
predictive current control of permanent magnet synchronous motor
based on sliding mode observer with enhanced current and speed
tracking ability under disturbance[ J]. IEEE Transactions on En-
ergy Conversion, 2023, 38(2) . 948.

ALSOFYANI I M, LEE K B. A unidirectional voltage vector pre-
selection strategy for optimizing model predictive torque control
with discrete space vector modulation of IPMSM [ J]. IEEE
Transactions on Industrial Electronics, 2022, 69(12) : 12305.

(%m %k X k)





